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Motivations

~ Growing interest concerning the DUNE sensitivity to vy—>Vv; appearance at the DUNE far detectors. Expected ~30 CC
beam v [/ 10kTon [ year with the standard LBNF neutrino beam (https://home.fnal.gov/~ljf26/DUNEFluxes])

~ Current data: 9 from DONUT (2008), 10 from OPERA (2018), +T2K and lceCUBE —> 18 directly observed candidates.

Physics motivations (see for instance 10.1103/PhysRevD.100.016004):

e Cross section measurement (leptonic universality)
® Test of the 3 massive neutrino paradigm

e Unitarity test of the PMNS matrix

e Sterile neutrino research

-~ However lack of assessement of the v; identification performance. Purpose of this talk. See also PhysRevD.102.053010
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DONuUT -10.1016/S0370-2693(01)00307-0

O 9
A laNOMAD p The t decays too promptly to allow for a direct search F.L. =540 um
of the kink in DUNE (t decay signature) T cevie

pr >0.28 712 GeV/e

» Shrock and Albright proposed in 1979 (10.1016/0370-2693(79)90665-8) to use kinematic
methods to detect T neutrino in beam experiments.
—> Exploit large missing momentum in the transverse plane due to the two undetected
neutrinos for, the leptonic decay modes, and angular correlations (see Dario’s talk).
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T optimized flux

Charged Current cross sections ratio v./v,

p Charged tlepton has a high mass (1.8 GeV). Consequence: 06 e
~ QEL v interactions have a high threshold (3.45 GeV). v, threshold is 0.11 05 Yy V
GeV. High fraction of oscillated v; will not produce charged current - / —V
interactions. d L/
~ Cross section suppressed at DUNE neutrino beam energies. -~ 0.1 //
T o G
x107"% e
45 CP-opt. v flux
40 t-opt. v flux » Main scientific program of DUNE (oscillations) requires the use of the CP-
— Reweighting 15

optimized flux. Alternative beam configuration envisageable after several
years of running.

~ 79% of neutrino have energy below the v:CC threshold in the CP-
optimized configuration

< Only 23% with the T-optimized configuration

~ High energy events are disfavoured by P(v,—>V:) but largely favoured by
cross section. Factor of 6 in v; statistics !

Reweighting factor

Unosc. v,s /m’ / (0.25 GeV) / POT
w
o

6

12 14 1
v, energy (GeV)
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Method 1T decay mode = 1 dedicated analysis

p Oscillation parameters fixed to the TDR values (arXiv:2103.04797). Re-use the simulation files produced for the TDR
and assess the capability to isolate a sample v; candidates.

» 1.2 MW & beam operating in neutrino mode

p Detector effects taken into account via a smearing method (see back-up). Assume 100% particle identification.

p Use the truth at the generator level (genie record) to produce kinematic distributions of signal (v;) and background
(Vu, Ve, NQ).

» Produce log-likelihood ratio distributions for signal and background. Normalize to DUNE expected number of events,
refer to the 3.5 years staged development plan (equivalent to 10 years with one module).
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T—>e analysis (1)

k c(m gﬁte
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Likelihood ratio distributions
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Signal = v; (t—>e) || Backgrounds = v (osc. + beam)

Ve_g’e

p Transverse missing momentum has powerful separation power. Use also
hadronic and leptonic momenta and the 3 angles of the plane. 6 variables in
total (see back-up).

vi—sve ¥

p Irreducible missing momentum for ve due to final state interaction, Fermi
momentum, neutrons...

p Corresponding log-likelihood distributions. 387% signal efficiency for 95%
oscillated ve rejection and 87% beam v. rejection (harder separation because
they have higher energy).

p Analysis repeated also with machine learning

techniques.

» Artificial Neural Network (Tensorflow keras) and
BDT (TMVA toolkit) didn’t improve the likelihood
S/B separation results, even in the most

Signal efficiency

favorable case without smearing applied.

Samples S&B size: 30000 events

) J. Institut de Physique des Deux Infinis (Lyon, France) ¢
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Transverse missing momentum distributions

0.08|- 'L,

~ v CC (t- €)

0.07F ,
~ 1v,CC osc.

0.0

0.0
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0.03f!

0.02/1
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ROC - Neural Network vs Likelihood
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T—>e analysis (I |) Signal = v; (t—>e) || Backgrounds = v (0sc. + beam)

| CP optimized flux 7 optimized flux
p Significant improvement using the T optimized flux: v mode
. . v, from osc.
~ Ve from oscillations ~ constant . I ——————— s &
. . 1/, ITOIm 0SC.
< Ve from beam contamination x1 5 v, from beam cont. '
_ V. statistics x6! . from beam cont.
Vy,
p Initial S/B gets a tactor of 4! v, from oscillation (QEL/RES/DIS) ' 1/62/7 08 (531 /597 /4
7. from oscillation 29
Significance - v flux comparison N(C VIR
@ 10 E——
=S p The likelihood was found to perform slighly less well with the alternative
. configuration beam. However the Asimov significance (plotted as a function of
. . the log-likelihood cut value used), 3.5 years staged normalized is boosted (from
5 2 to 9 at corresponding maxima).
. T flux ? P & ) log-LH cut 0.6 1.0 1.6
visignal | 151.6%1.2 98.2+1.0 ; 238107
2 i p» Corresponding number of ve (0osc.) | 143.6 £ 0. 5.  60.0 %0 3 6.1+ 0.1
1 - events for the t Optimized beam: ve (beam) 82.3%2.0 38.1 +1.4 6.6 +0.6

20 45 40 -05 0.0 0.5 1.0 1.5 2.0
Log(LS/LB) cut

....................................................................................................................................................................

ve (total) | 225.9+2.1 98.1%1.4 12.7+0.6
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T —>p—>TT T (l) Signal = v; (t—>p) || Background= NC (=1rtt= 1mo).

p Large branching ratio (25.49%), kinematic signature of the p resonance with invariant masses (p and n0).
» N.B: in this analysis neutral pions are decayed isotropically in their rest frame into two photons. 2 photons = 1 neutral
pion candidate. | keep the notation mpinstead of (yi}2) in the following.

S / 0 - p The p of vi(T—>p) must be reconstructed. Hadronic system can provide neutral/charged
RRLTR - - pions, thus there exist combinatorics of (m*my) which blurs the p of the T decay.

T c{augﬁte (K SyS fem

//61[[7//( o o
1 mza,«,(,,] p Make use ot following variables to define a Medal Game: . decayed p invariant masses

mt f ~ Combined w0 (12 system) and p invariant masses s °
‘J'(C{ ( i) 2 —0.04
adronic system V1Y27). N 25
o " _ f +
0 energy. reconstructed .energy of (Y1y21t) E, M m) = (0.135: 0.776 ) GeViloos
h dal 11h ied blind| (reward higher energy candidates) g | &R
he Me . bame willbe applied biindly  paward collimated candidates around the £ 192 )
to both signal and background, to select L = >0
, reconstructed p direction. 1
only 1 p candidate per event. o
0.5 |
» Results (comparing with MC truth): 82% of correct p reconstruction in v(T—>p) 5
o events. ~52% of v; events have no blurring candidate. Machine learning techniques 0 . invariam‘rﬁass (GeV§O
- % didn’t help at improving this efficiency. D
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T—>p—>T T (I I) Signal = v; (T—>p) || Background= NC (=11t 1 ). o

p’ distributions

 As for —>e, we build the kinematic distributions to be used for the likelihood analysis. | Ooozj
: L : : : Vo (T —p)
~ Signal: use the MCtruth to build kinematics associated with p=(y1y,m-) of the T 0.035
decay, to avoid biasing by Medal Game. 000-: NC (best p)

~ Background: use the Medal Game to select the best p candidate. 1 event =1 002

candidate. | oo

» 17 kinematic variables (see back-up) are studied. Make use of the transverse plane oncej 001

again. Transverse missing momentum less powerful here (S/B both have one escaping | | **
neutrino !). Below: S&B log-likelihood for an optimized set of variables. c o8 115 2 25 3

Transverse missing momentum (GeV)

[ 8, Vs p. ]x[p vsp ]xM'"V

miss
- I I I oy I I I

< 008 e , 1 P 57% signal efficiency & 12% background contamination
. K Significativity
0.041— _ = . . . )
‘ p Use of ML techniques did not bring N Topt. flux
v.CC (Tt — p) .
0.03}~ i |mprOVement 8 CP opt. flux
C (Best p candidate) o . o o 0 o
% 1 4 g p T optimized flux brings much more sen5|t|V|ty/, 6
0.01f “ D v.CC (v — p) (p taggiag error) to the Vi dppearance. 4 3.5 years staged
et et o i
E i — 0.4 3 4 5 3 25 2 45 4 05 0 05 1 15 2
: Log(LS/LB) Log(L /L) cut

%
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Discussion

p This works presents the results obtained on vy—>v; selection efficiencies based on kinematic criteria for two T decay
modes (electron and p). It appears in both cases the possibility to have at least 40% of selection efficiency with ~9o0% of
background rejection.

p 3.5 years staged development plan normalization, Asimov significance ~ 2 (3) for —>e (T—>p). Boosted with the use
of the alternative 1 otimized neutrino beam: ~9c significance for the two decay modes separately.

» Try QEL topologies to improve signal purity: mitigated results.

» Machine learning techniques (NN from Tensorflow keras and BDT of TMVA) did not prove more efficient. Sample size 2
Robustness of likelihood.

» Not presented:

- t—>1n decay mode (extension of the T—>p to a more exclusive final state). However larger level of
background makes it less sensitive.
- T—>W decay mode ~ T—>e decay mode with a much higher level of background: negligible contribution

Standard LBNF v beam = 7 optimized beam

» Combined sensitivity of T—>e, T—>p and T—>171 (QEL): 3 channels combined |
. Vs 44.0 = 0.3 284.2 = 1.6
R, " |
# -9%@ Backgrounds 202.9 + 2.1 375.4 + 4.1
j(\/ Significance 3.0 £ 0.0 3.2 4+ 0.1

Institut de Physique des Deux Infinis (Lyon, France) 10 29/09/2021
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Back-up

EXPERIMENT

Detection Angular

Particle

Threshold (MeV) Resolution (°)
= 30 1
For electrons (and EM showers): e*, ™, 1 2 . (0.15)°
. | 10 (0.02) ETGe 1
_ 1704.02927 (electromagnetic showers) | | V' | [GeV]
if survives: 109 _
_ 0812.2373 Protons 50 S X — 5
if interacts: \(().()-").)2 - EJ(“;\'-
Muons: now use 5%. Shoud distinguish contained sk 20 it SHEVIVES: 2 | 1
and escaping tracks if interacts: 1/(0.05)2 + I
Neutrons 50 if detected: — (X - 5)
Neutrons: see CDR (1512.06148, table 3.3). Others 50 \ (()()3)2 1 g)(i'(()\l-’} 5

Charged hadrons (pions & protons).

Proceed in several steps:

ARGON

__;I Ll L1l Ll L1l ?I Ll L]l
10~ 10 10~ 10

— Projected Range

~ Use NIST (https://physics.nist.gov/physrefdata/star/text/pstar.htmI) data of protons in liquid argon: range

as a function of proton energy. Range/(particle’s mass) function of 3y only: extrapolate for
pions !

~ Interaction length of proton in liquid argon: 85.7 cm. Convert into Rint = Range/(Mass proton),
to be usable with pions as well.

- Given a charged hadron (mass m), compute its R = range/m with MCtruth. Compute psurv =
exp(-R/Rint) ~ survival probability. Generate number in [0;1]. If smaller than psurv, the particle

survives and only ionizes the medium. If not: secondary interaction, bad reconstruction.
13
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Back-up The NOMAD detector .
Electromagnetic

Transition Radiation Detector (TRD) (e identification) 9 modules (315 Calorimeter (measurement
radiator foils followed by straw tubes plane) it rejection ~ 103 for of enerqgy and position of

electron efficiency > 90%
- o, 3.2%

Muon _ 0
= Chambers | E o \/E @ 1%
Front Dipole Magnet Electro netic

Calorimeter B=04 T Modules Caloriméter Muon Chambers (“

.... . |~ identification) e~ 97% for p,,

A7
I > 5 GeV/c
Active Target

(2.7 tons)

Neutrino

Beam >

— Hadronic calorimeter
(n and kOL VZTO)

| metre
Veto Plafies  Drift Chambers Trigger Planes dronic
Preshower lorimeter | || |[ ||
Drift chambers (target and momentum measuremen reshower (e andy detection) additional Tt rejection ~ 102
Fiducial mass 2.7 tons with average density 0.1 g/cm3 44 for electron efficiency > 90% precise y position
chamber + 5 chambers in TRD region, momentum measurement o(x), o(y) ~1cm

resolution 3.5% ~ (p < 10 GeV/QC)
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Back-up

T (faugf 1ers

Mis
s&\é {eptoaig’p

‘}[ac{rom system

vTCC schematic view -
transverse plane

DEEP UNDERGROUND

vV

T—>e kinematics
(eyton (S jstem

Studied 8 kinematic variables:
® Transverse plane momenta of electron, hadronic system and
missing = - (electron+hadronic system). The impinging neutrino
brings no energy in the transverse plane. Use the angles as

well. \ V(_

® The kinetic energy of the electron (higher energy expected for
vt than oscillated ve). Piep ™ Phaa (I)(tr
® Asymmetry ratio in the transverse plane:
Was not found helpful.

p asym —

Argue that the kinetic energy of the electron is a tricky variable.

Hadronic syste

Electron kinetic energy distributions

In this plot (electron kin. energy, no smearing effect), split the

.o contribution of ne from oscillations (vu—>ve, red filled) and ve from
1v,0C (osc) beam contamination (ve—>ve survival, red dashed line).

e The blue histogram is the signal vt(t—>e). See that beam ve stands at
much higher energy than oscillated ve, with signal in between. No
energy region of preferred signal at all, thus useless for likelihood
purposes.

15
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Back-up T—>e kinematics

0.05
Thus we’re left with transverse plane kinematics only. 0.04

0.03

0.02

0.07 | 0.01

.

140

80

160 180

0.06 - N 0 20 40 60 80 100 120 140 160 1

0.05 - =

] noy [EIEE ) tr
N 0.03| s - <Dn:' |
B 0.02|pt k 0.1 hi
' v, signal
: 00Ty ) 0.08] V, 0sC. bck.
o I T - v, beam bck.
2.5 3 2 2.5 3
P (GeV) GeV 0.08
0.04
® Electron and hadronic system bring the same transverse momentum for vt a
oscillated ve. However beam ve bring more of the two. Consequence: mor % 20 4 60 w0 100 120 180 160 180
. . . . ¢ (deg)
transverse missing momentum for beam ne than oscillated ve. For vt remind that T ——

the two final state neutrinos still dominate the process.

e Hadronic (h) and electron (I for “lepton”) tend to go back totack for
ve. Angles distributions same for oscillated and beam ve.

1
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Back-up T—>e kinematics

Optimize the likelihood analysis for the vt and oscillated ne samples (dominant background expected). Then test the beam ve

samples under the “vt VS oscillated ve hypothesis”.
[x1; x2] is the 2-dimensional distribution in

the plane (x1, x2). Powerful for correlated

(EDXE”\
Combine two different distributions (1) and (2)as 7 — log — 7D 4 13 .
variabies.

Avoid repeating the same information in (1) and (2). \L(l) % L(z) )

(tr). _(tr) (1r) . (tr) Combine transverse.
Optimized combination used in the presentation: ple o pmiss hn 9 momentum correlations and
P transverse angles.

ROC curves

—

Display the likelihood efficiencies as a ROC curve = background efficiency (or
background rejection) VS signal efficiency, for the two types of background.

o
o

o
»

Likelihood less efficient at rejecting beam ve (attributed to transverse missing
momentum less discriminating, see previous slide).

Background efficiency

©
N

—— vV, OSC.
—— Vv, beam

0.2

Efficiencies found to clearly improve when limiting to QEL only (require 1 electron and 1
proton detected in the final state). However, found that the significance is not
0 0.2 0.4 0.6 0.8 1

Signal efficiency improved.
e —

17
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T_>p_>TC_TC()—>TC_’Y1’Y2 Medal Game 93.0 2D invariant mass scatter plot of (y1y2n')true
G
Given a vi(T—>p) event, expect that: : =
0o — l 2 0 ~ Invariant masses (70 and p) fall not too far £29 1 (m_ m)=(0.135;0.776) GeV
' from (Mg ; Mp) = ( 0.135; 0.776 ) GeV. Reward s
candidates with smaller d. \ T

~ Hadronic pions have less energy than pions of
the T decay. Reward candidates for which sum

—0.04

—0.03

0.02

0.01

1.0 1.5

of three particle’s energy is the greatest. °8o

~ Leptonic and hadronic system have different direction. Reward not too scattred

2.(S).OO

m, invariant mass (GeV)

candidates.
4 : : :
\X\, \q, Each candidates competes for each variable. The 3 best are rewarded with medals. Compare the total
OHO b EO number of medals: winning p candidate !

Level of ambiguity (p candidate multiplicity):

Assume vT(T—>p) with hadronic system providing 1t and 1mo (=27). How many p candidates = (ny1y2) available triplets ?
p from T decay (1), misreconstruct - (1), misreconstruct one y (2x2=4), misreconstruct the two 'y (1), misreconstruct one y an
- (2x2=4), misreconstructs all three (1). Thus 12 p candidates !

18
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Back-up T—>p—>N-To—>T~Y1Y2 Kinematic variables

17 variables:
~ Pions kinetic energiy, their sum (~ p energy), pion energy sharing.rﬂK —

EK

Tt

- Invariant masses for mp and (montt) systems.  —— A ™). pg )
70 p

~ Various space angles (0) between system momenta : p, h(hadronic), total, v (beam
direction). Some of these angles are representative of the isolation of the p candidate

with respect to the hadronic system.

~ Transverse plane information of had. syst., p syst. and missing component (modulus of
the momentum, plus relative direction with angle ¢, as for T—>e analysis).

(tr)
- Tranvserse mass ——— M(”’)=2\/pfj”)pf,§§f3s sin( ma
2

Optimal combination used in this presentation: [Qph; ,OK} X [Pf,ﬂ?is;l?gr)]

19
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(inv)
x M ,

_—

—

(tr), . (tr)
pp ’phad’pmiss’

VE

o0

(tr) .

ptot ?
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— En-OaEn.J_rapKarﬂ-

Hhv : va

¢(ﬂ’). (r). A(tr)

hp >Thm >T mp
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Back-up T—>p—>T To—>T~Y1Y2 distributio

i ) 4o yr
Smeared Mgnv) distributions Smeared F>pr distributions Ke eph
D ) 0.25F 0.1
< < g
0.06 0.06 &
0.2 0.08
e 0.05 0.05 ¢
Smeared p. energy distributions . /
5 | | < | | | 0.04 | | ( 1N 4AY ) 0.04 0.15% 0.06
<' 0.12 —| , %
..... 0.03 0.03
0.04
0.1 v.CCandt—p - 0.02 0.02
0.01 0.01 0.02
0.08 . ]
Best p candidate of NC 0 » . ' r B . - e
0 0.5 1 1.5 2 2.5 3 1.5 2 2.5 3 20 40 60 80 100 120 140 160 180
0.06 . p invariant mass (GeV) Transverse p momentum (GeV)
(tr) C s .
0.04 — . Smeared p  distributions
Smeared M" distributions 5 pmlss
D0.07 | | | | | 3 ‘ 00.12 | |
<.0.o7 ( <5045
0.02| |
|| Y A
0 — t r | 0035
0 2 4 6 8 10 12 14 0.03
p energy (GeV) | 0.025
1 0.02
A 0.015
0.01
1 -
0.005 .
25 3 35 4 45 5 % 0.5 " 15 > 25 3 0 20 40 60 80 100 120 140 180
Transverse mass (GeV) Transverse missing momentum (GeV) Transverse angle ¢“” (deg)

Blue: vi(t—>p), using the correct p candidate (MCtruth). Red: NC(= 1> 1mp), picking best p candidate according to Medal Game.
For the likelihood analysis, we use the Medal Game for bth signal and background. Thus the correct p of a vt event might be

misreconstructed.
20



T —>TV; analysis

Medal Game

Reward higher energy pions, pions with higher o variable, and finally the fraction of pion

transvers emomentum P

AU

0.25

0.2

0.15

01

Pion kinetic energy distributions

0.3f

v, - © from t decay

v, - Best n from had. syst.

0.05L7 Sow

s e

2 4 6 8

10

12

Pion kinetic energy (GeV)

Leptonic-hadronic energy sharing

<0.25
0.2
0.15
0.1

0.05 = —

0 \ \ i \ | 1 : | |

0 01 02 03 04 05 06 07 08 09 1

(had)
O+

Had. syst. 0 1 2 3 >3
pions
Fraction (%) | 63.7  23.6 7.1 3.6 2.0

EK

Exploit lower T reconstruction ambiguity and quite large branching ratio (~11%).

K T
O =
T K K
Eﬂ T Ehad
(tr)
p,=——tE
L () (r) (1r)
p, distributions Pr Phaa ™ Pmiss
2 o
0O 005 01 0.15 0.2 025 0.3 0.35 04 0.45 pCI)_.S
True ©t rank -1 0 1 2 3 >3
Fraction (%) | 0.4 635 305 47 07 02

21



T —>TV; analysis
Kinetic variables studied

17 variables:
~ The 3 variables of the Medal Game

~ Various space angles (0) between system momenta : p, h(hadronic), total, v (beam 0 -
direction). Some of these angles are representative of the isolation of the ® candidate ph?
with respect to the hadronic system.

0 015030,

ptot > = nv?

- Transverse plane information of had. syst., © syst. and missing component (modulus of
the momentum, plus relative direction with angle ®, as for T—>e analysis). (r). (). _(r) . (). o(2r)

¢(ﬂ’)
pp ’phad’pmiss’ hp >Thm >Tmp
> Transverse mass

(tr)
M =2 [ s e
. 2

~ Subset of the variables used in the T—>p analysis
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T—>T"V¢ analysis Distributions

had . . - . had . . .
o1*? vs E . signal distribution o vs E_, background distribution
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T —>N Ve analysis Likelihood results 0045 og-lielinood rafio distrbutions

< 0.04 v.CC Best © candidate
. 1 r - TSN W ooa e NC(>1r) Best ©t candidate
N (had) K (tr) 0.035~ L |
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aﬂ' ) L T X Hﬂtot *Mrh X P T o0
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ROC curves Integral likelihood distributions 0.015
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1 ,
i Wi - 0.8
- Decay mode analysis with the best S/B separation score
0.6
- Decay mode analysis with the least favourable inital S/B ratio (29/4169...) 04
o 0.2
o Thus least sensitive decay mode to study out of the three
93 -2 —1 0 1 2 3 4
- No improvement restricting to QEL-like events Log(Ly/Lg) cut
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